The quickly expanded energy consumption based on traditional fossil fuels has resulted in energy crises and severe environmental problems. Developing sustainable energy conversion technology is an important issue confronting the global energy security and consumption. Electrochemical energy storage and conversion is one of the most perspective renewable ways to produce carbon-free fuels via water splitting, and convert chemicals into electricity by fuel cells and metal-air batteries. A recent class of porous materials, metal-organic frameworks (MOFs), has been extensively explored as electrocatalysts or precursors to derive efficient composites in virtue of their large surface area, high porosity, tunable structures, and uniform dispersion of components [1] . Because most MOFs are formed by inexpensive transition metals and commercial organic ligands, they have been regarded as promising earth-abundant electrocatalyst alternatives to conventional expensive benchmark noble-metalbased materials (Figure 1 ). In this perspective, we give an overview of current status and significant challenges in utilizing MOF-based materials for energy-related electrocatalysis, and an emphasis on design strategies for further performance enhancement is presented.
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Water splitting to generate hydrogen is the first and simplest step in conversion of electrical energy into chemical energy. It can operate at room temperature and ambient pressure to supply high purity H 2 , accounting for~4% of today's H 2 production [2] . Two related electrochemical reactions in electrolyzer are involved, namely, cathodic hydrogen evolution reaction (HER) and anodic oxygen evolution reaction (OER). HER is one of the simplest electrochemical processes, involving only two-electron transfer. However, the state-of-the-art expensive Pt-group catalysts hinder HER from widespread commercial applications. Unlike the facile kinetics in HER, multistep proton-coupled electron transfer in OER is kinetically sluggish. A large overpotential is always needed even using precious metal catalysts for OER. As a result, commercial electrolyzers typically operate at a cell voltage of 1.8-2.0 V, much higher than the theoretical value of 1.23 V [3] . Furthermore, the widely used proton exchange membrane (PEM) systems are adopted acidic electrolyte, which increases the cost and stability concerns, and causes the dissolution of non-precious metal catalysts. The HER setup under alkaline conditions presents an attractive substitution, but the decreased hydrogen kinetics is a great challenge [4] . Thanks to the ultrahigh surface area for more accessible catalytically active sites, the redox behavior of metal ions, and the tunable ligand structures, low-cost MOF materials hold great potentials in substitution for those noble-metal-based catalysts. Nevertheless, the extreme conditions in electrocatalysis (strong acidic/alkaline electrolyte) will result in the disassembly of most MOFs and thus only a few of them can be directly used as the electrocatalysts. Encouragingly, assembling MOFs with other materials to generate MOF-based composites can combine the advantages of both parent materials, and the most commonly investigated graphene-based MOF composites lead to surprising improvements in electronic conductivity and stability. In addition, converting MOFs into diverse nanocomposites by thermal pyrolysis has been widely explored. These MOF-derived materials not only inherit the porous structures of pristine MOFs, but also exhibit remarkable electrical conductivity and long-term stability.
By virtue of their high theoretical energy density, low cost, and improved safety, rechargeable metal-air batteries are considered as one of the most promising energy storage systems [5] . A variety of options like Li, Na, K, Al, and Zn show potential as anodes with theoretical energy density 3-30 times larger than that of Li-ion battery, among which Li and Zn are the most remarkable ones. Although Li shows a high theoretical specific energy of 5,928 W h kg −1 and a high working voltage of 2.96 V, the highly reactive Li may easily react with moisture in air, and most Li-air batteries operate in flammable organic electrolytes [6] . In contrast, the inexpensive Zn anode with decent energy density and suitable working voltage in aqueous electrolyte makes it a promising alternative. Moreover, Zn-air batteries have intrinsic safety in fabrication, operation, and disposal [7] . Nevertheless, the inferior energy conversion efficiency, low lifetimes, and limited stability of metal-air batteries in harsh electrolytes limit their widespread applications. These bottlenecks mainly originate from the intrinsically sluggish kinetics of OER and oxygen reduction reaction (ORR). Although noble metals are highly active as oxygen electrocatalysts, their poor stability and scarcity preclude them from large-scale applications. Moreover, Pt/C, RuO 2 , or IrO 2 is not suitable as bifunctional OER and ORR electrocatalyst in rechargeable batteries [8] . In this context, some MOFs with active metal sites are the ideal candidates for OER and ORR. The structural diversity and easily functionalized properties are beneficial to regulate the performance. Besides, the porous structure provides suitable spaces for small molecules to access, which further enhances the gas and ion diffusion [9] . Using MOFs as sacrificial materials to obtain highly controlled nanocomposites can enhance the stability and conductivity, and meanwhile inherit the structure properties of pristine MOFs. These MOF-derived porous composites possess not only uniform active sites, but also the resulting 3D ordered porous structures which are favorable for mass and electron transfer [10] . In virtue of these advantages, MOF-based catalysts show comparable or even better performances than noble-metal-based materials. Proton-exchange-membrane fuel cells (PEMFCs) have been regarded as clean power sources for electric vehicles, portable electronic devices, and other applications in virtue of high efficiency, zero-emission, fast refueling, and high power density [11] . Fuel cells work by converting chemical energy into current, which comprises a membrane electrode assembly (MEA) in which H 2 is oxidized on anode (HOR) and O 2 is reduced on cathode. Because mild electrochemical processes without combustion are adopted, the fuel-conversion efficiency is not limited by Carnot cycle laws. HOR has received much less attention due to the extremely facile reaction mechanism, and relatively mature technology by using commercial Pt catalysts with minor usage. However, ORR process is inherently slower by six orders of magnitude than HOR, making most fuel cells packed with preciousmetal catalysts, which results in the high-cost problem [12] . Therefore, the application of MOFs for ORR catalysis can be adopted by directly using or pyrolyzing to produce M-N-C active sites, which have been proven to have superior catalysis performance with much lower costs [13] . In addition, PEMFCs typically perform best at high temperature. Although such H 2 -consuming fuel cell can be highly efficient, pure H 2 must be stored in a pressurized tank. In view of this, liquid fuel methanol is a promising alternative with high energy density and cheap characteristic.
In general, the current scope of catalysts utilized for the above-mentioned energy-related technologies is dominated by noble-metal-based materials (e.g., Pt, Ru, Pd, and Ir). However, their high price, instability under working conditions, and susceptibility to gas poisoning hinder their largescale practical applications [14] . In view of high specific surface area, excellent pore distributions, and well-dispersed active catalytic sites, the easily functional and relative lowcost MOF-based materials are extremely promising to be the alternatives to precious metal catalysts. The conventional catalytic centers in pristine MOFs are usually the coordinatively unsaturated metal sites and active groups on organic ligands [15] . Functionalized modification to graft desired active sites onto metal clusters or organic linkers by multivariate approach, or pore confinement/encapsulation to accommodate additional active species could lead to higher activities [16] . Nevertheless, pristine MOFs also face the issues of inferior conductivity and stability in harsh aqueous electrolyte. In this case, converting MOFs into diverse carbon-based composites with characters partially inherited from MOF precursors can not only enhance the stabilities, but also lead to improved electrical conductivity. As a result, MOF-derived nanocomposites hold more promises as the electrocatalysts.
From the discovery of MOFs, their applications have drawn tremendous attention. Despite the significant progress in these MOF-related research areas, a number of challenges still remain. Advanced characterization techniques are indispensable for systematic investigation of the conversion processes and related mechanisms. For instance, most MOFbased materials would undergo structural self-reconstruction in OER process. Such structural self-change does make it difficult to identify the true catalytically active sites. The correlation between active structure and electrochemical activity needs to be further investigated. Therefore, developing basic understanding of structural and functional part of MOF-based materials holds the key to rational design of advanced catalysts.
Overall, the development of MOF-related materials for electrocatalysis has become an exciting interdisciplinary area, where challenges and opportunities coexist ( Figure 2 ). With continued research efforts, a revolution of renewable energy utilization will be witnessed in the near future.
Figure 2
Schematic illustration of the opportunities and challenges in electrochemical energy conversion applications. The symbol "√" means the advantages of these energy conversion systems, and the remarkable properties of MOF-related materials for these renewable energy conversion applications; the symbol "×" means the significant challenges in these energy-related electrocatalysis processes (color online).
